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Abstract

Point mutations in the KCNJ13 gene cause an autosomal recessive, childhood blindness, Leber congenital
amaurosis (LCA16) due to a loss-of-function Kir7.1 channel. In the present study, we investigated the
etiology of LCA16 caused by a KCNJ13 missense mutation (¢.431T>C, p.Leul44Pro) and explored the
activity of two cytosine base editors mRNAs (CBEs, BE4max-WTCas9, and evoCDA-SpCas9-NG) as a
proof-of-concept therapeutic option. We observed the KCNJ13-related retinopathy phenotype in patients
harboring L144P mutation. Our in-silico prediction and in vitro validation demonstrated that L144P
mutation affects the channel function. We observed high on-target efficiency in the CBEs treated L144P
mutant gene expressing HEK-293 cells. Strikingly, our evaluation of base editing efficacy using
electrophysiology showed negligible channel function. We found that the editing bystander ‘Cs’ in the
protospacer region led to a missense change (L143F) in evoCDA edited cells and only silent changes in
BE4max edited cells. Upon investigation of the effect of the synonymous codon, our extended analysis
revealed distortion of mRNA structure, altered half-life, and/or low abundance of the cognate tRNA. We
propose that KCNJ13-L144P mutation or other genes that share similar genetic complexity may be
challenging to correct with the current generation of CRISPR base editors, and a combinational therapy
using CRISPR base editors with a tighter editing window and requisite cognate-tRNA supplementation
could be an alternative therapeutic approach to restore Kir7.1 channel function in LCA16 patients. Other
options for hard-to-rescue alleles could employ homology-directed repair using CRISPR/Cas9 nucleases,

Prime editing, and AAV-mediated gene augmentation.

Keywords
LCA16 pediatric blindness, KCNJ13 mutation, Kir7.1, ion channelopathy, CRISPR base editing, cytosine

base editors, genetic disorders, synonymous variations
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Introduction

Point mutations in KCNJ13 (MIM#603208) gene cause an autosomal recessive disease, Leber congenital
amaurosis 16 (LCA16, MIM#614186)(1-4). Allelic heterogeneity in this gene is also observed in an
autosomal dominant phenotype, Snowflake vitreoretinal degeneration (SVD, MIM#193230)(5). The
LCA16 phenotype manifests in early childhood and is clinically diagnosed by pigmentary abnormalities
in the retina, reduced or complete loss of electroretinogram (ERG) waveforms, nystagmus, photophobia,
and progressive loss of central and peripheral vision leading to blindness(6, 7). KCNJ13 gene encodes a
homo-tetrameric inwardly rectifying potassium channel, Kir7.1, which is expressed in the apical
processes of retinal pigmented epithelial (RPE) cells. The Kir7.1 channel is vital in RPE cells to maintain
its membrane potential, ionic homeostasis in subretinal space, and phagocytosis of photoreceptors outer

segment(8, 9).

There is no treatment for LCA16, but several approaches to rescue the Kir7.1 function as a therapeutic
invention are in the trial. We previously reported an LCA16 patient with W53X mutation in the KCNJ13
gene, which affected Kir7.1 channel expression and function(2). We also showed the rescue of channel
function using translation readthrough inducing drugs (TRIDs) and successful gene augmentation therapy
in an LCA16 patient-derived hiPSC-RPE model(9). Treatments using TRIDs are nonsense suppression
specific, incorporating an amino acid to replace the stop codon. Depending on the near cognate amino

acid inserted, the resulting protein may or may not lead to a functional channel like native Kir7.1.

In contrast, gene augmentation is a global approach for loss-of-function mutations. Still, the dominant-
negative effect of mutation as seen in SVD and lentiviral and AAVs associated adverse immune
responses make this approach questionable and underscore a need to develop new treatment options.
Recently developed CRISPR/Cas9 genome editors offer a therapeutic opportunity(10-13). This approach
involves the double-stranded DNA break formation followed by its repair either by donor-dependent
homology-directed repair (HDR) or non-homologous end joining (NHEJ). The NHEJ forms on-target and

genome-wide unintended indels, limiting its use as a therapy(14-18). Traditional CRISPR/Cas9 gene
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76  editing is more challenging for autosomal recessive cases of channelopathies requiring bi-allelic on-target
77  edits to produce homo or hetero-multimeric channels. But if both alleles are edited differently, one with
78  the desired change and the other with undesired substitutions or indels, the outcome might compromise

79 channel function.

80  Most of the inherited ocular channelopathies are caused by point mutations(4). Therefore, CRISPR base
81  editing can reverse the effect of mutation by changing a single base without the need for HDR or NHEJ.
82  The LCA16 and SVD causing KCNJ13 mutations are single nucleotide changes, and therefore, CRISPR-
83  Dbase editing via adenosine base editors (ABEs) for G>A (or C>T) mutations [c.158G>A; W53X,
84  ¢.458C>T; T1531, c.496C>T; R166X, c.655C>T; Q219X, c.484C>T; R162W] or cytosine base editors
85  (CBEs) for T>C (or A>G) mutations [¢.359T>C; 1120T, ¢.722T>C; L241P] in KCNJ13 can conceivably
86  rescue the channel function(1-3, 5, 19). As a proof-of-concept study, in the current report, we explored
87  the activity of two CBEs (BE4max-WTCas9 and evoCDA-SpCas9-NG) at the recently reported L144P
88  (c.431T>C) mutation site. The L144P mutation was selected as its role in LCA16 has not been
89  established. Proline is a well-known secondary structure breaker(20) due to its structural rigidity, which
90  complicates the wild-type ordered structure and might have a direct impact on the channel. In this study,
91 two LCAl6-patients harboring L144P mutations were clinically evaluated for the progression of the
92  disease phenotype. To understand the possible molecular etiology due to L144P, we used multiple in
93  silico tools to predict the mechanism of Kir7.1 channel dysfunction. We developed a stable HEK293 cell
94  line as a heterologous overexpression system to validate the in-silico findings. We also tested the potential
95  of CRISPR base editing to correct L144P mutation in our stable cell model. Although CRISPR base
96  editing rescue retinal and visual function in LCA-RPE65 mice using adenosine base editors delivered by
97  lentivirus,(20) Leu to Pro mutation is unique to be edited by CBEs as all the Pro-codon has two Cs which
98 are not at the wobble position. Editing of two Cs using CBEs may lead to a preferred Leu (with or without
99  synonymous variation) or undesirable Phe amino acid at 144. We evaluated two previously reported

100  CBEs' potential and a specific sgRNA targeting L144P mutation. Further, the Kir7.1 channel function was
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evaluated in edited cells with bystander silent variations by electrophysiology to elucidate the role of
synonymous changes. We also examined the role of these synonymous variations on Kir7.1 mRNA
stability and its translation by checking the abundance of tRNA for the Leu codon. The present study

supports the need to translate the genotype data, exceptionally with silent variations, for use in the clinic.
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107  Results

108 1. Patients present clinical features of LCA16

109  We report a consanguineous family(21) (Family ID 6) of Arab descent with two affected female siblings,
110  both diagnosed in infancy but now age 9 (patient ID 6-1) and 5 (patient ID 6-2) years. Both siblings had a
111 characteristic KCNJ13-LCA16 phenotype with nummular pigment areas at the RPE level, especially over
112 the posterior pole, macular atrophy, and optic disc pallor with retinal vessel attenuation (Fig 1). There
113  were no signs of retinovascular changes or neovascularization as previously reported(22) Patient 6-1 had
114  rotatory nystagmus with a best-corrected visual acuity (BCVA) of 1.48 LogMAR in the right eye and 1.6
115 LogMAR in the left eye. Her refraction was +1.50/-2.00x170 in the right eye and left eye +0.50/-2.25x10.
116  Patient 6-2 has horizontal nystagmus and a left intermittent exotropia, and her BCVA was 0.80 LogMar
117  in both eyes with a myopic astigmatism right eye -5.00/-2.75 x179 and left eye -5.00/-2.50x175.
118  RETeval® flash and flicker ERG showed no detectable responses. SD-OCT revealed extensive loss of the
119  ellipsoid zone in both patients along with retinal thinning and disorganization. The affected siblings were
120  found to have a homozygous missense variant (c.431T>C, p.Leul44Pro) in KCNJ13, using Sanger
121 sequencing(21). Parents did not require segregation as the variant was homozygous in both affected
122 sisters. No disease-causing mutations were found in any other known retinal disease genes.

123 2. Insilico tools predicted the L.L144P mutation as pathogenic

124 Amino acid L144 is located within the transmembrane domain-2 (TM-2) of the Kir7.1 protein [Fig 2a],
125  which is important for channel gating and inward rectification. Although the leucine (non-polar) to
126  proline (non-polar) change does not alter the charge of the TM-2 region, proline substitution can interrupt
127  transmembrane alpha-helices and disrupt the protein structure. We used several computational tools to
128  predict if the L144P mutation has any structural and functional impact on the Kir7.1 channel. All the
129  seven computational algorithms (SIFT, PolyPhen-2, PANTHER, SNPs& GO, PROVEAN, PredictSNP,
130  SNPA-2) used in this study identified L144P mutation as deleterious or disease-causing [Fig 2b]. This
131  variant was found twice in a heterozygous state in 125,455 people (allele frequency = 0.0007971%) from

132 multiple origins (gnomAD). [-Mutant tool predicted decreased stability of Kir7.1 protein due to L144P
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133  mutation in terms of reliability index (RI=4) and difference in free energy change values (L144P-WT=-
134  1.30 Kcal/mol). The L144 amino acid residue of native Kir7.1 was highly conserved across multiple
135  species, suggesting the Leu residue's functional relevance at the specific position [Fig 2c]. A SNAP-2-
136  generated heatmap provided the possible substitution at each position of Kir7.1 protein, where a score
137  >50, shown in red, indicated a strong signal for pathogenicity of L.144P (Score=62, 80% accuracy) [Fig
138  2d]. The protean-3D subroutine in DNASTAR showed minor differences in the secondary structure of
139  Kir7.1 (Dihedral angles, ¢;-62.8°, y; -36.5°, ©;173.8°) due to L144P substitution (Dihedral angles, ¢;-
140  67.1°, y; -34.6°, ;170.7°) [Fig 2e]. Similarly, SOPMA tool reflected scarcely any differences in the
141  overall composition of Kir7.1 secondary structure including alpha helix (WT=30.56%, L144P=29.44%),
142 beta-turn (WT=4.72%, L144P=5.28%), extended strand (WT=23.33%, L144P=22.50%) and random coil
143 (WT=41.39%, L144P=42.76%). However, the L144P mutation-induced remarkable variability (marked in
144  black rectangles) in the basic secondary structure at the C-terminal of Kir7.1 [Fig 2f]. The C-terminus is
145  the critical determinant for the membrane localization of Kir7.1 and contains the putative phosphorylation
146  sites S287 (Protein Kinase A), T321, and T337(Casein kinase I1)(23). Alanine substitution of these
147  phosphorylation sites did not affect the Kir7.1 trafficking to the membrane. But changes in the beta-turn
148  and alpha-helix proportion at these phosphorylation sites and proximal and distal C-terminus could affect
149  the cytoplasmic pore formation in the tetrameric channel and inwardly rectification(24-26).

150 3. L144P substitution altered the protein localization

151 To determine whether the L144P substitution alters the localization of the Kir7.1 channel, we examined
152 the cellular distribution of native and L144P Kir7.1 in HEK293 cells. As reported earlier, the cell
153  membrane showed signs of native Kir7.1 expression [Fig 3a](27). However, cells transfected with mutant
154  eGFP-L144P-Kir7.1 plasmid showed fluorescence signal in the cytoplasm and other organelles,
155  indicating that L144P substitution affects the normal regular protein transport via classical conditioning
156  ER/Golgi pathway [Fig 3b]. Staining with an ER tracker showed that the mutant protein was primarily
157  distributed in the endoplasmic reticulum [Fig 3c]. The loss of membrane expression of these mutant

158  proteins could be due to a defect in its ER exit.
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159 4. CRISPR Base editing of L144P mutation resulted in gene correction with synonymous changes
160  Base editors can be used to precisely introduce transition edits and reverse transition point mutations. We
161  wanted to test if this approach can ameliorate the mutant phenotype of Kir7.1-L1444P gene function by
162  directly correcting the C>T mutation. To install this edit, we first designed sgRNAs to the target L144P
163  mutation in exon 2 of KCNJ13 for two cytosine base editor mRNAs, BE4max-WTCas9 and evoCDA-
164  SpCas9-NG. CBE mRNAs chemically modify the targeted C to T (or G> A on the opposite strand) by
165  engaging its deaminase domain with WT Cas9 or NG-SpCas9 and a 20-bp sgRNA. The WT Cas9 best
166  recognizes the NGG PAMs and has low activity on NGA or NAG PAMs. SpCas9-NG recognizes NG
167  PAMs but has some activity on NA PAMs and seems to do best on NGNG PAMs(28, 29). The activity
168  window of BE4max CBE mRNA ranges from positions 4 to 9, but some action was also observed at 3
169  and 12 locations in the protospacer sequence, counting the PAM position as 21-23(30). The evoCDA
170  CBE mRNA activity window ranges from positions 1 to 13, but the peak editing has been observed at
171  positions 4 to 6 of the protospacer (31). All three gRNAs are predicted to have some off-target activity
172 against the human genome in silico (Supplementary Figure 2). The sgRNA-2 had the highest on-target
173  activity at the desired location (Cytosine-6; C6), which is a prerequisite for efficient biallelic correction
174  and, therefore, was chosen for CRISPR base correction L144P.

175

176 ~ The CBE mRNA (BE4max-WTCas9 or evoCDA-SpCas9-NG) and the chemically modified sgRNA-2
177  were nucleofected into L144P mutant stable cells at a 3:1 ratio by weight. The sgRNA-2 guide sequence
178  spans a region containing multiple bystander "C's, and within the sgRNA, these 'C's are labeled as C2-
179  Cl17. [Fig 4a]. First, we tested the % correction of pathogenic L144P missense mutation in the treated
180  cells by genomic analysis. Reverse transcription PCR of mRNA from the evoCDA treated cells and deep
181  sequencing analysis showed higher editing of the desired C6 (78.8% +7.00) base than BE4max CBE
182  treated ones (66.27% +4.25) [Fig 4b]. We also examined edits at bystander Cs in the protospacer region.
183  Cells edited with either editor showed editing of bystander Cs (C2-C5, C10-C17) within the protospacer

184  region [Fig 4c]. BE4max mRNA-treated cells showed a narrower editing window with only silent
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185  bystander mutations and most of the reads with Leu at 144 (59.0% =+ 6.1) [Fig 4c]. In contrast, evoCDA
186  mRNA showed missense bystander mutations across a wide editing window, and only ~ 2% of reads were
187  with Leu at 144 [Fig 4c, 4d & 4e]. The editing of C2 (non-silent) and C11 (non-silent) to T led to a
188  missense mutation phenylalanine (F) at amino acid 143 (61.4%) and 146 (4.14%) in evoCDA treated
189 cells. At the same time, these Cs remain untouched in BE4max-treated cells. None of the CBE-treated
190 samples showed higher editing activity outside the protospacer. In addition, we also examined the on-
191  target indel formation by CBEs, which showed variability in three independent experiments. BE4max
192  CBE treated cells had a higher indel frequency (13.8% +4.8) compared to evoCDA CBE ones (8.3%
193  £5.9) [Fig 4c]. Untreated cells (UT) were used as a reference (Supplementary Figure 3). The observed
194  efficient editing prompted us to pursue the functional evaluation of edited cells.

195 5. CRISPR base editing of L144P showed protein restoration in the membrane

196  As synonymous variations are assumed not to alter the protein function, we tested our CRISPR-edited
197  pool of cells to restore Kir7.1 protein levels and functions. Our immunocytochemistry assay using
198  primary antibody against the GFP showed cell membrane localization of Kir7.1-GFP protein for some of
199 the edited cells in the analyzed BE4max treated pool [Fig 5a], akin to the localization of wild type Kir7.1
200  [Supplementary Figure 1]. Kir7.1 within the evoCDA treated cell pool showed the membrane localization
201  despite the L143F mutation. Both the edited lines showed protein restoration in some of the cells; these

202 were further evaluated to compare the biophysical properties of the Kir7.1 channel.

203  Whole-cell current was measured in SmM [K+] in L144P mutant and based on edited pooled cells
204  compared to WT cells to study channel functional expression. The cells were exposed to a 550 ms voltage
205  pulse from -150 mV to +40mV (20mV increments) from a holding potential of -10 mV. The step current-
206  voltage plot and the current-sweep time plot for a representative cell type are shown in different treatment
207  solutions in Figures 5b & Sc. Our electrophysiological outcome showed salient features of Kir7.1 current
208 in physiological solution in WT cells. We observed a weak inward rectification and increase of current at

209  negative potentials in WT cells which are inactivated to near zero at more depolarized voltages. The WT
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210  FRT stable cells produced an average Kir7.1 current of -0.23+ 0.05 nA (n=24) at -150 mV in SmM K"
211  [Fig 5c]. The WT channel also showed an increased current in external Rb" and inhibition in the presence
212 of Ba®" as expected for a normally functioning K™ channel. The Ba2+ sensitivity for the Kir7.1 channel
213 was low but resulted in a 2-fold decreased current (-0.11+ 0.03 nA, p; 0.04). On an average, a ~7-fold
214  increased conductance (-1.67+ 0.37 nA, p; 0.0008) was observed following the addition of 140 mM Rb"
215  to the external solution while addition of 20mM Ba®" in the Rb'-external solution caused a 7-fold

216  decrease in the Rb" signal (-0.22+ 0.05 nA, p; 0.0008).

217  The L144P single-cell patch-clamp (n=36) showed significantly lower current amplitude (-0.04 + 0.004
218  nA, p;0.002) than the WT cells in 5SmM K" but negligible response to external Rb" (-0.05 + 0.006 nA,
219 p;0.05), Ba*" (-0.03 + 0.002 nA, p;0.098) and Rb"+Ba*" (-0.04 + 0.004 nA, p;0.902). Surprisingly, we did
220  not observe the restoration of K' current in a pool of BE4max edited cells (n=27, -0.04 + 0.004 nA,
221  P;0.862). Most of the cells had synonymous variation, and current amplitudes were comparable to mutant
222 L144P channel expression. These cells showed a significant block of K current in response to external
223 Ba®*" (-0.02 + 0.002 nA, P;0.001) but moderate increase in the current amplitude with respect to Rb" (-
224 0.04 £ 0.004 nA, P;0.755) [Fig 5b & 5c¢]. In the pool of BE4max edited cells, only one cell (3.6%)
225  showed a K* conductance (-0.07 nA) and Rb" (-0.31 nA), and Ba®" response (-0.01 nA), which may be a
226 rare cell containing in-frame indels or the WT genotype and no synonymous variations. This could also
227  result from a hetero-tetrameric channel expression in the cell. The stoichiometric ratio of the WT channel
228  is equal/more than the one with synonymous changes. The evoCDA treated pool of cells also showed a
229  response similar to mutant cells due to the L143F and synonymous variations. There was no difference in
230 the average current amplitudes measured at —150 mV in the presence of 5 mM K" (-0.03+£0.01 nA) and
231  Ba’ (-0.03+0.01 nA). Unlike native Kir7.1, the average increase in the current amplitude was only 2-fold
232 in the presence of Rb" (-0.07+0.01 nA, p; 0.01). These results suggest that there may have been a

233 significant loss of WT channel function due to silent variations.
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234 6. Genomic off-target effects of L144P targeting sgRNA were fewer with BE4max CBE as
235 compared to evoCDA CBE mRNA

236  Screening the computationally predicted potential off-target (OT) sites within the human genome is
237  necessary to evaluate the safety and efficacy of CRISPR-based therapies. An in-silico search analysis via
238  Cas-OFFinder(32) found 1136 OT sites [Fig 6a], each having 1-3 mismatches concerning sgRNA-2, with
239  or without a DNA/RNA bulge of 1 nucleotide. Most of the identified sites were with 3 mismatches and a
240  single RNA bulge (n=790), followed by 3 mismatches with a DNA bulge (n=266) [Fig 6a & b]. We tested
241  the efficiency of modifying selected OT sites [Fig 6c] to two CBEs in treated L144P stable cells.
242  Consistent with other published studies, our study showed that CBEs could induce genome-wide
243  unintended genomic modifications. Differences in their deaminase properties can affect their editing
244 profile and efficiency(33-36). Deep sequencing analysis of 12 putative off-targets showed that BE4max
245  had high activity (30.75% substitution, 2.70% indel at OT3) at only one of the genomic locations. The
246  reads from untreated cells showed a baseline indel formation of ~0.1%, and we set a threshold of 0.033%
247  for our off-target assay based on the base level substitutions and indels in reference cells. The evoCDA
248 CBE also had high OT activity at OT3 and OT6, and OT7 sites. Overall, evoCDA CBE had
249  comparatively higher substitution and indel frequency at all OT sites with detectable modifications in this
250  assay. The OT3 is in the intronic region of PDZD4 (Supplementary Table 4), >13 K-bp away from the
251  splice site. Therefore, variants at this OT site are unlikely to impact the PDZD4 or Kir7.1 protein
252  function. BE4max did not show OT activity at other sites higher than the control treatment. At the same
253  time, evoCDA CBE had a more comprehensive range of substitution frequency (~0.2-51%) and some

254  indel formation (~0.1-4.2%) across all the remaining sites [Fig 6d].

255 7. The synonymous variation is a by-product of editing that alters the mRNA stability and,

256 thereby, protein synthesis

257  Synonymous changes are often assumed to have minimal effect on gene/protein function. However,

258  several studies have implied that synonymous variations could disrupt transcription, splicing, mRNA
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259  stability, and translation kinetics(37-39). Because we did not observe robust rescue of Kir7.1 channel
260  function in our base edited cells, we further examined the role-play of synonymous variation observed
261  due to bystander 'C' editing in altering the Kir7.1 channel function. The BE4max CBE edited cells were
262  primarily edited at the target nucleotide and nearby sites yielding only synonymous outcomes. Therefore,
263 only these cells were flow-sorted to select single-cell clones (Figure 7_Source Data 1 contains the flow
264  sorting images). Most of the sequence-verified clones (n=18) were either CTC [L143]-TTA [L144]
265  (L144bystander-clone I, 27.8%) or CTT [L143]-TTA [L144] (L143-L144bystander-clone 11, 38.9%) [Fig
266  7a], consistent with our pooled sequencing results. The rest of the clones were either unedited or
267  contained indels in KCNJ13. The clonal cells of types I and II were further propagated to study the
268  protein localization and rescue of Kir7.1 function. An immunocytochemistry assay demonstrated that a
269  fraction of protein is trafficked to the membrane in both clonal types. However, a large proportion is still
270  confined to cell cytoplasm and organelles [Fig 7b]. This result suggested that these silent variations might
271  alter protein folding, hindering oligomerization to form a tetrameric channel, thus failing during ER

272 quality control.

273  In patch-clamp experiments on the CRISPR edited cell clones, clonal type I (14 clones) and II (24 clones)
274  showed that these cells do not have K conductance like native Kir7.1. Also, we did not observe any
275  changes in the current amplitude mediated by the addition of Ba®>", Rb™ or Rb"+Ba*". Although the K"
276  current amplitude was too low (-0.06= 0.01 nA) in clone I cells, a 2-fold decreased Ba*" current (-0.03+
277  0.007 nA, p;0.06) and a 2-fold potentiated Rb" response (-0.13=+ 0.03 nA, p;0.05) was observed. The type
278  1I clones showed the current amplitudes close to uncorrected L144P cells. We observed -0.04+ 0.006 nA

279 K current, -0.05+ 0.006 nA Rb" Current and -0.02+ 0.004 nA Ba®" current in these cells [Fig 7b].

280 Since we did not observe the robust K+ conductance in the edited clones, we evaluated if these
281  synonymous variations impact mRNA structure or stability. To understand the effect of these silent
282  variations on mRNA structure, we used an in-silico tool RNAsnp, which can predict the changes in

283  mRNA secondary induced by SNPs based on global folding(40). The Kir7.1 mRNA sequence and the two
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284  silent variations were given input in the RNAsnp server using Mode 1. The tool predicted that the base-
285  pairing probabilities in WT, L144P, and type I clones were similar, and the mutation (CTA>CCA, L144P)
286  or C>T silent change (CTA>TTA, L144L) did not have any impact on the mRNA structure. However, the
287  other synonymous variation in type II clones (CTC>CTT, L143L) disrupted the mRNA structure in the
288  region overlapped with the position of C>T variations (L143 and L144) [Fig 7c]. These results indicated
289 that structural disruption of mRNA might potentially affect the mRNA stability and translation of the total
290 number of transcripts at a time. To determine if the mRNA stability is affected in a codon-dependent
291  manner, we treated the cells with Actinomycin D to block the transcription of new mRNA. The decay of
292  the existing mRNA was measured by performing a time-course assay [0-4 hours] to check the mRNA
293  abundance. Interestingly, the half-life of Kir7.1 mRNA in type II clones was similar to that of the WT
294  mRNA, while mRNA in type I clones showed a comparatively higher half-life than the WT Kir7.1
295  transcript [Fig 7d]. Altogether, these results suggest that clone I mRNA may accumulate in cells due to its
296  higher half-life, and structural disruption in clone II mRNA might impact the gene expression by altering

297  the translation of Kir7.1 mRNA into protein.

298  The other factor that could alter the translation kinetics is tRNA abundance for a specific codon.
299  Therefore, we determined if there is any difference in tRNAs abundance for the Leu codon (n=6, CTC,
300 CTA, CTG, TTA, TTG, CTT) in the cells, as codon biases and differences in the availability of cognate
301 tRNAs may alter the translation rate and the subsequent protein co-folding mechanism. Our tRNA
302  sequencing from HEK293 FRT stable cells using an Illumina NextSeq platform showed comparatively
303  reduced availability (counts per million, CPM) of a cognate-tRNA for 'Leu' (TTA), which was generated

304  due to bystander 'C' edits [Fig 7e].

305  Discussion
306  Two pediatric siblings were previously included in a brief study showing a homozygous missense variant
307  in KCNJ13; ¢.431T>C, p.(Leul44Pro) (L144P)(21). Herein, we report their clinical phenotype consistent

308  with other LCA16 patients harboring different KCNJ13 point mutations (1-3). Both patients were noted to
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309 have nystagmus, early-onset loss of vision, pigmentary retinopathy with degeneration of the ellipsoid
310 zone, attenuation of retinal vessels, and altered electroretinogram. There were no signs of retinal
311  neovascularization or fibrovascular changes, as seen in patients with the p.Thr1531le mutation, although
312  the siblings are still relatively young(22). The L144P mutation is in exon 2 of KCNJ13, which forms the
313 TM-2 domain of the Kir7.1 channel. Our prediction based on different in-silico tools identified this
314  mutation as pathogenic, with altered stability. The mutation introduced salient variability in the basic
315  secondary structure at the C-terminal of Kir7.1 protein, which contains the signal for membrane
316  localization. This prediction was further supported by our findings in a heterologous expression system,
317  where we found that L144P mutation causes a defect in its trafficking and leads to impaired membrane
318  expression. The mutant protein was accumulated in the cytoplasm, ER, and other organelles, indicating a
319  defect in the folding/assembly of tetrameric subunits or post-translational modifications. Our
320 electrophysiology assay in HEK293 stable cells demonstrated that this mutation leads to a non-functional
321  channel with a compromised inward rectification. Extracellular Rb" which amplifies the inward K"
322 current in a native Kir7.1 channel, Ba*", which blocks the channel activity, did not change the current

323  amplitude in L144P expressing stable cells.

324  Base editing is a powerful tool to correct point mutations, but membrane proteins like Kir7.1 are
325  complicated to repair and restore function because of their multimeric structure. In addition, proline
326  codons (CCU, CCC, CCA, CCG) with two adjacent Cs are challenging to correct without bystander edits.
327  Cytosine base editing of proline codons may generate Ser, Leu, or Phe, one of which may lead to the
328  desired edit back to a wild type state, while others would lead to a missense mutation and might have
329  detrimental protein function. Moreover, the L144P site has multiple Cs within the activity window of
330 CBEs, similar to other disease-associated alleles like APOE4 (Alzheimer's disease)(41) and HBB (j3-
331  thalassemia)(42), which can potentially cause deleterious effects. The L144P mutation renders the Kir7.1

332 channel non-functional, and we attempted to rescue its function through CRISPR base editing.
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333  In this study, we demonstrated the activity of two cytosine base editors, BE4max-WTCas9 and evoCDA-
334  SpCas9-NG, to edit proline to leucine at 144. Our HEK293 stable cell lines expressing the mutant and
335  control WT channel were precious to quickly test this approach since we did not have access to the
336  patient's iPSC-RPE cell lines or a mouse model harboring this mutation. Using these stable lines, our
337  study generated new knowledge of correcting a KCNJ13-L144P mutation as the gene sequence at this
338  location is unique with multiple bystander Cs. Also, the Pro mutation at 144 changes the codon
339  [CtA>CcA] with two Cytosine bases, which fall in the editing window of CBEs. Although the codon has
340 two cytosine bases, the redundancy of the Leu codon [CtA or ttA] generates a WT Kir7.1 protein
341  sequence when corrected by CBEs. The CBE mRNA's electroporation with a sgRNA resulted in high-
342  frequency editing of the target site (60-80%). Other base editing outcomes producing bystander 'Cs' in the
343  protospacer region led to a missense change (L143F) in ~61% of evoCDA edited cells, which affected the
344  Kir7.1 function. In BE4max edited cells, most of the reads had silent variation (~59%), while very few
345 reads had a WT gene sequence (~3%). Our on-target genomic analysis showed comparatively higher
346  indel frequency in BE4max treated cells than evoCDA ones, likely due to excision of the uracil

347  intermediate by cellular DNA repair machinery.

348  Although CBEs can have high editing frequency at the target location, the therapeutic benefits of L144P-
349  CRISPR base correction depend on its efficient activity without generating any bystander synonymous
350 variants. The bystander base edits around the intended on-target site of base editors may present
351  challenges for CRISPR base editing strategies looking to correct mutant alleles. EDIT-101CRISPR/Cas9
352  clinical trial (NCT03872479) of the CEP290 gene in LCA10 patients anticipated that 10% editing of
353  foveal cones would lead to near-normal vision(42). For correction of L144P and other mutations with this
354  type of sequence complexity, CBEs can be evolved further to have a tighter editing window with limited
355 indels to increase the 3% reads (as observed in BE4max edited cells with WT genotype) to a minimum of

356 10% for clinical outcomes.
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357  Additionally, our off-target analysis of 12 predicted sites showed higher activity of CBEs at one of the
358 loci, PDZD4. The gene has not been reported to express in RPE or other retinal layers. As the activity
359  region was found in its intron, it might not harm PDZD4 or Kir7.1 protein function. As consistent with
360  other reports, BE4max was more specific based on its minimal activity at other off-target sites relative to
361  evoCDA. We anticipated that L144P is an extraordinarily hard allele to edit because of many bystander

362  Csaround the target site and within the editing window of CBEs.

363  This study also evaluated the Kir7.1 channel expression and function in the edited cells. We observed that
364  some of the edited pool cells had membrane localization of the Kir7.1 channel comparable to WT protein.
365 From BE4max edited pool, which also carried silent changes, electrophysiological analysis of flow-sorted
366  single-cell edited clones showed minimal channel function compared to the native Ki7.1 level. We ruled
367  out that the L144P mutation could act as dominant-negative and impact the channel function in edited
368 cells because the patients' parents with heterozygous mutations were unaffected. One of the limitations of
369  our study is we did not explore the role of indels on channel function. The stoichiometric ratio of Leu-

370  edited and indel/or unedited alleles in a cell could also alter the protein function.

371  Protein expression is regulated by a highly structured coding sequence of mRNA through changes in its
372  half-life(43). We observed distortion of mRNA structure in the region of L144P, and inferred that this
373  could be a reason for their altered half-life and subsequent translation. We extended our findings by
374  describing the effect of synonymous mutation on mRNA stability. Our tRNA sequencing in the WT
375  stable cells showed the low cognate-tRNA abundance for the synonymous codon, which was observed as
376  aby-product of CRISPR base editing. Notably, the "TTA' codon resulting from the synonymous variation
377  had the lowest abundance (CPM=1698.2) among all the Leu-tRNAs, suggesting that 'TTA' is not the
378  preferred (‘optimal’) synonymous codon and could result in ribosome-halting, altered elongation rate

379  during translation, or chaperone-assisted cotranslational protein folding.

380 In summary, this study generated several significant new findings. We demonstrated the potency of

381  CRISPR-mediated base editing to correct the L144P mutation. Still, We indicated that synonymous
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382  bystander edits and unintended on-target effects of the cytosine base editor significantly impacted gene
383  function, especially for its multimeric protein assembly which requires bi-allelic on-target edits. Due to its
384  sequence complexity, we anticipate that the L144P locus poses some challenges to correct with the
385  current generation of CRISPR base editors. Our study emphasizes the need to perform functional studies
386  with on-target edited alleles to confirm the therapeutic potential of base editing. Improving potential
387  therapies using modified CBEs with tighter editing windows(36, 44), supplementation of cognate-tRNAs,
388  or both. Prime editing could precisely correct the disease mutation without introducing bystander edits.
389  While recent insights into the mechanism of prime editing have determined that the intentional
390 introduction of silent bystander edits can improve editing efficiency(45), this study suggests that caution
391 is warranted to avoid detrimental outcomes of silent editing. Further optimization of genome editing

392  approaches or gene delivery of the Kir7.1 channel could prevent vision loss in L144P-LCA16 patients.

393  Methods

394 1. Clinical evaluation of LCA16 Patient harboring L.144P mutation

395  The molecular testing and clinical characterization had local approval through Moorfields Eye Hospital
396 and adhered to the tenets of the Declaration of Helsinki. Informed consent was obtained from all
397  participating individuals. The ophthalmic evaluation included best-corrected visual acuity, orthoptic
398  assessment, cycloplegic refraction, slit-lamp anterior segment, fundus examination with ultra-widefield
399  color fundus imaging with the Optos, SD-OCT (Spectral Domain Optical Coherence Tomography), and
400  electroretinography using the RETeval® as part of routine clinical care.

401 2. Molecular genetic testing to identify the mutation

402  Molecular genetic testing was performed on genomic DNA extracted from blood using retinal dystrophy
403  targeted gene panel testing through the Rare & Inherited Disease Genomic Laboratory at Great Ormond
404  Street Hospital (London, UK) or Blueprint Genetics (Helsinki, Finland). Coding exons and flanking
405  intronic regions of genes, including KCNJ13 [MIM #603208], associated with genetic eye diseases and

406  selected deep intronic variants were screened and analyzed as previously reported(21, 46). Variant
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407  classification followed American College of Medical Genetics and Genomics (ACMG) guidelines(47).
408  Variants were confirmed by Sanger sequencing if variants were consistent with the phenotype, the mode
409  of inheritance, and familial history. The datasets (variants) generated from this study were submitted to
410 ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) (SCV001335521-SCV001335530). All patients gave
411  written informed consent for genetic testing.

412 3. Insilico analysis to predict the pathogenicity of the L144P mutation

413  In silico tools were used to predict the pathogenicity of L144P mutation. These were SIFT (Sorting

414  Intolerant From Tolerant, https:/sift.bii.a-star.edu.sg/www/SIFT seq submit2.html)(48), PolyPhen-

415 2 (Polymorphism Phenotyping v2, http://genetics.bwh.harvard.edu/pph2/)(49), PANTHER (Protein

416  Analysis Through Evolutionary Relationship, ~www.pantherdb.org) (50), SNPs & GO

417  (https://snps.biofold.org/snps-and-go/snps-and-go.html)(51), PROVEAN (Protein  Variation Effect

418 Analyzer, http://provean.jcvi.org/index.php)(52),

419  and PredictSNP (https://loschmidt.chemi.muni.cz/predictsnp1/)(53). SNAP-2 (screening for non-

420  acceptable polymorphism, https://rostlab.org/services/snap2web/)(54), a neural network-based tool, was

421  used to generate a heatmap of every possible substitution at the L144P position of Kir7.1. To predict the

422  stability of Kir7.1 due to L144P mutation, the I[-Mutant tool (https://folding.biofold.org/cgi-bin/i-

423  mutant2.0.cgi)(55) was used. DNASTAR (Protean-3D, www.dnastar.com/)(56) and SOPMA

424  (https://npsa-prabi.ibcp.fi/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html)(57) was used to

425  assess differences in the biophysical properties of native and mutant protein along with the 3D graphical
426  representation of the secondary structure.

427 4. Live-cell imaging using a heterologous expression system

428  HEK293 cells were cultured in a 6 well plate at 1x10° cells/well (75% confluency) and 24 hours later,
429 transfected with either pAAV-eGFP-L144P Kir7.1 or pAAV-eGFP-WT Kir7.1 plasmids using TransIT-
430 LT1 (Mirusbio#MIR 2305). Live cell imaging was carried out after 24 hours post-transfection. The
431  transfected cells were seeded in a 35 mm imaging dish (ibidi#81156) and stained with wheat germ

432  agglutinin-594 (WGA-594, ThermoFisher#W11262) to label membrane, Hoechst nuclear stain
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433  (ThermoFisher#62249), endoplasmic reticulum tracker dye (ThermoFisher#E34250) were also used to
434 assess the protein localization.

435 5. Characterization of HEK FRT WT and L144P stable cell lines

436  HEK Flp-In™ 293 stable cells (ThermoFisher Scientific#R75007, MA, USA) contain a single Flp
437  Recombination Target (FRT) site at a transcriptionally active genomic locus and expresses the Zeocin' "
438  gene under SV40 early promoter. FRT site in HEK293 cells ensured the stable integration and expression
439  of the targeted protein. These cells were maintained in complete media containing D-MEM (high
440  glucose), 10% FBS, 1% Pen-Strep, 2mM L-glutamine, and 100 pg/ml Zeocin™ for selection. According
441  to the manufacturer's guidelines, WT and L144P Kir7.1 HEK293 stable cell lines were created. Briefly,
442  the FLP-In™ expression vector containing GFP tagged KCNJ13 sequence (WT or L144P) was created by
443  in-fusion cloning. The primers used for cloning are listed in Supplementary Table 1. The HEK293 FRT
444  stable cells were co-transfected with pOG44 recombinase expression plasmid and FLP-In™ expression
445  vector (Supplementary Figure 1a) containing KCNJ13 sequence (WT or L144P). 48 hours -transfection,
446  cells were passaged at 25% confluency for selecting stable transfectants using 400 pg/ml Hygromycin B.
447  The Hygromycin B resistant cell clones (n=15-20) were picked, maintained in 100 pg/ml Hygromycin B
448  and expanded for further characterization. To characterize the clones, RNA was isolated from each clone,
449  reverse transcribed to c.DNA and subjected to Sanger sequencing using specific primers (Supplementary
450  Table 2) to confirm the KCNJ13 sequence (Supplementary Figure 1b). Immunocytochemistry was
451  performed to assess protein expression and localization (Supplementary Figure 1c).

452 6. gRNA design and selection

453  For base editing of KCNJ13-L144P mutation, sgRNAs were designed using Benchling (Supplementary
454  Figure 2a), and specific sgRNA-2 (GCTCCCAGGCCTCATGCTAG) was selected based on the highest
455  on-target score (Supplementary Figure 2b). The chemically modified form of the sgRNA was ordered
456  from the Synthego (CA, USA).

457 7. CRISPR-base editing of L144P mutation using C-base editors
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458 HEK FRT stable cells expressing GFP-tagged L144P mutant proteins were subcultured for 24 hours
459  before nucleofection at 70% confluency. The two cytosine base editor mRNAs (1. BE4max-WTCas9,
460 Nlme-U modification, and 2. evoCDA-SpCas9-NG, 5SmoPseudoU modification) were used to edit
461  L144P mutation along with the selected guide RNA (3:1 molar ratio). For base editing, 1x10° cells were
462  electroporated using the FS-100 program in Lonza 4D nucleofector according to the manufacturer's
463  guidelines. Post-electroporation, cells were seeded in a 6-well plate and maintained in 100 pg/ml
464  Hygromycin B for further analysis.

465 8. On-target and off-target analysis using deep sequencing by Illumina platform

466  Five days post nucleofection, treated and untreated cells were harvested to isolate RNA (Qiagen#74134).
467 RNA was reverse transcribed to cDNA (ThermoFisher#4368814), subsequently amplified for on-target
468  analysis using KCNJ13 Illumina specific primers with adapter sequences (amplicon size -150bp). For off-
469  target analysis, the potential off-target sites were first identified by an in-silico tool, Cas-OFFinder

470  (http://www.rgenome.net/cas-offinder/). The parameter used were an NG/NGG/NAG PAM, with or

471  without DNA/RNA bulge (bulge size=1) and with up to 3 mismatches to the sgRNA-2 sequence. From
472  the treated and untreated cells, gDNA was isolated from these cells and amplified using Specific primers
473  to generate amplicons of 150 bp. All the primer sequences are listed in Supplementary Table 3. Unique
474  indexes (i7 and i5) were ligated to each amplicon by PCR (amplicon size 250bp), and the indexed
475  amplicons were pooled and purified using AMPure XP beads (Beckman Coulter#A63881). The resulting
476  library was denatured and diluted for deep sequencing on a MiSeq Illumina platform. Deep sequencing
477  data analysis was carried out using the online tool CRISPR RGEN (http://www.rgenome.net/cas-
478  analyzer/)(58) and CRISPResso2 (https://crispresso.pinellolab.partners.org/submission)(59).

479 9. Flow cytometry to obtain single-cell edited clones

480  Flow cytometry collected single cells from the pool of edited cells (Supplementary Figure 4). Single cells
481  were grown to generate a pure clonal population of cells with different edited sequences. RNA from these
482  cells was reverse transcribed and amplified using specific primers (Supplementary Table 2). Amplicons

483  were subjected to Sanger sequencing using BigDye chemistry. Edited clones with either WT or
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484  synonymous changes and some nonsynonymous ones were further maintained for protein analysis and K"
485  influx.

486  10. Protein analysis by Immunocytochemistry

487  Kir7.1 protein expression was assessed in the mutant-L144P, WT, base-edited pooled cells, or single-cell
488  clones by immunocytochemistry. Briefly, the cells were fixed in 4% paraformaldehyde in PBS at 4°C for
489 10 mins and washed twice with chilled PBS. Cells were permeabilized in 0.5% Triton X-100 in PBS
490 (PBST) at room temperature (RT) for 5 mins and then incubated in a blocking buffer containing 2% BSA
491  with 0.25% Triton X-100 for 2 hours at RT. As the protein is GFP tagged, GFP mouse monoclonal
492  primary antibody (Cell Signaling#2955, 1:250) was used to detect Kir7.1 protein expression in the cells.
493  Sodium Potassium ATPase rabbit monoclonal primary antibody (Thermo Fisher#ST0533, 1:500) was
494  used to label the cell membranes. Primary antibody incubation was carried out at 4°C overnight. The cells
495  were washed thrice for 5 mins/wash with chilled PBS to remove unbound primary antibodies. The cells
496  were incubated with secondary antibodies, Alexa fluor-594 conjugated Donkey anti-Rabbit
497  (Proteintech#SA00006.8, 1:500), and Alexa fluor-488 conjugated Donkey anti-Mouse
498  (Proteintech#SA00006.5, 1:500) at RT for 1 hour in the dark. DAPI (Biotium#40043, 1:500) was used as
499  a nuclear counterstain. The immunostained cells were imaged on a confocal microscope (Nikon C2
500 Instrument).

501  11. In silico mRNA structure prediction and half-life

502  RNAsnp web server (https://rth.dk/resources/rnasnp/) was used to predict the effect of single nucleotide

503  variation on mRNA secondary structure. The cells were seeded in a 24-well plate and treated with
504  actinomycin D (10 pg/ml) to inhibit the transcription for mRNA half-life calculation. Cells were collected
505 at different time point (0, 0.5, 1, 1.5, 2, 3, 4 hours) for RNA isolation. RNA was reverse transcribed to
506 cDNA, and real-time PCR was performed using SYBR green chemistry. Average Ct values of each
507 sample at each time point were normalized to respective average Ct values of t=0 to obtain ACt value

508 [ACt = (Average Ct of each time point - Average Ct of t=0)]. mRNA abundance for each time point was
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509 calculated by 27“". the mRNA decay rate and half-life were determined by non-linear regression curve
510 fitting (one phase decay) using GraphPad Prism 9.

511  12. Functional analysis of edited cells using automated patch clamp

512  An automated patch clamp (Q Patch II, Sophion, Denmark) measured the whole-cell current from the
513 WT, L144P, and base edited cells. For the experiment, the cells were grown in a T75 flask for 48-72
514  hours and then detached gently using Detachin™. The cells were centrifuged at 90 g for 1 min and
515  resuspended in serum-free media containing 25 mM HEPES. The cells [3 M/ml] were kept on the
516  instrument's shaker for 20 minutes before the experiment. 48 cells were recorded in parallel using single-
517  hole disposable Qplates through individual amplifiers. A pressure protocol was used to achieve cell
518  positioning (-70 mbar), Giga seal (-75 mbar), and whole-cell configuration (5 pulses with -50 mbar
519  increment between the pulses, first pulse of -250 mbar). The current was recorded in response to voltage-
520 clamp steps from the holding potential (-10mV) to voltages between -150mV and +40mV (A=10mV).
521  More than 60% of the cells completed the experiment. The cells in which the stability was compromised
522 during the experiment were judged by the leak current and excluded from the analysis. The extracellular
523  solution contained (in mM): 135 NaCl, 5 KCI, 10 HEPES, 10 glucose, 1.8 CaCl, and 1 MgCl, pH
524  adjusted to 7.4 and osmolarity 305 mOsm. The intracellular solution contained (in mM) 30 KCI, 83 K-
525 gluconate, 10 HEPES, 5.5 EGTA, 0.5 CaCl,, 4 Mg-ATP, and 0.1 GTP, pH adjusted to 7.2, and osmolarity
526 280 mOsm. For rubidium ' 'Ringer's external solution, NaCl was replaced with RbCl [140 mM] and used
527  asan enhancer of Kir7.1 current. The data was analyzed using Sophion Analyzer v6.6.44.

528  13. tRNA sequencing

529  Total RNA was isolated from HEK293 FRT WT stable cells and was quantified using a NanoDrop ND-
530 1000 instrument. The tRNAs were purified from the total RNA, demethylated, and partially hydrolyzed
531  according to the Hydro-tRNAseq method. The tRNAs were re-phosphorylated and converted to small
532  RNA sequencing libraries using NEBNext® Multiplex Small RNA Library Prep Set for I[llumina® kit
533  (New England Biolabs). Size selection of 140-155 bp PCR amplified fragments (corresponding to 19-35

534 nt tRNA fragments size range) was performed. The tRNA-seq libraries were quantified using Agilent
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535 2100 BioAnalyzer. According to the manufacturer's instructions, the libraries were sequenced for 50
536  cycles on [llumina NextSeq 500 system using NextSeq 500/550 High-Output v2 kit (75 cycles) according
537  to the ' 'manufacturer's instructions. Sequencing quality was examined by FastQC software, and trimmed
538 reads (pass Illumina quality filter) were aligned to cytoplasmic mature-tRNA sequences from GtRNAdb
539  and mitochondrial tRNA sequences from mitotRNAdb using BWA software. The expression profiles of
540 tRNAs were calculated based on uniquely mapped reads. The differentially expressed tRNAs were
541  screened based on the count value with R package edgeR.

542  14. Statistical analysis

543  Each experiment was repeated three times with proper controls. Statistical analysis was performed using a
544  two-tailed student's t-test, and a p-value of 0.05 was considered statistically significant. Graphs were
545  plotted using origin 9.1 and GraphPad Prism 9.
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698

699  Figure 1: Clinical characterization of LCA16 patient with L.144P mutation [A] Optos and SD-OCT
700  for Patient 6-1, [B] Optos and SD-OCT for Patient 6-2.
701
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Figure 2: Pathogenicity of the L144P mutation [A] Genomic and protein location of L144P mutation.
[B] In silico tools to predict the pathogenicity of L144P substitution. [C] Conserved L144 amino acid. [D]
Heatmap of Kir7.1 substitution predicted by SNAP-2 of L144P pathogenicity. [E] DNASTAR (protean-
3D) generated secondary structure of native and L144P Kir7.1. [F] SOPMA tool reflecting the proportion
of alpha-helix (blue 'h'), extended strand (red 'e'), beta-turn (green 't'), and random coil (orange 'c') in
native and L144P Kir7.1. The black rectangle shows the Kir7.1 region with the variable arrangement of
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709  basic secondary structure induced at the C terminal of Kir7.1 due to L144P substitution. (Figure 2_Source
710  Data 1 contains full images generated by SOPMA tool).
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711
712

713  Figure 3: Localization of Kir7.1 protein in HEK293 cells. The cells were transfected with GFP-WT-
714  Kir7.1 or GFP-L144P-Kir7.1 plasmid. [A] Native Kir7.1 (green) expression in the membrane (red). [B]
715  Mutant L144P-Kir7.1 (green) expression in the cytoplasm and other organelles. [C] Localization of a
716  significant proportion of L144P-Kir7.1 in the Endoplasmic Reticulum (red). White arrows show the
717  colocalization of Kir7.1 with membrane, cytoplasm, or ER. Scale: 25 pm. (Figure 3_Source Datal

718  contains more images from different fields).
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719

720  Figure 4: Efficiency of CBE mRNAs (evoCDA and BE4max) in editing the L144P mutant allele and
721  on-target analysis in CRISPR base-edited cells. [A] Distribution of C (C2 to C24) around the target C6
722 location. The sgRNA sequence is underlined by black and the PAM by red. Nucleotides are marked by
723 unique colors (A; green, G; yellow, C; orange, T; purple. [B] Frequency of nucleotides around sgRNA
724  GCTCCCAGGCCTCATGCTAG location as observed in sequencing reads from treated cells. The black
725  horizontal bars indicate the % of reads for which that nucleotide was deleted [C] % Editing of the target
726  (C6) and bystander (C2-C5, C10-C17) 'C' to 'T' and % indels by BE4max and evoCDA mRNA as
727  observed in three independent experiments. The error bars represent the SE. [D] Top 10-13 reads showing
728  the nucleotide distribution around the cleavage site for sgRNA. A dashed line '-' designates the deletion of
729  Dbases while substitutions are shown in bold. Reads generated by BE4max mRNA treatment show C2
730  location untouched and C>T conversion at the desired location. A scatter plot shows the frequency of
731  each read observed in treated cells (n=3). A green rectangle box marks the C2 (aa-142) location and the
732 purple C6 (aa-144). The lower panel shows the reads generated by evoCDA mRNA treatment and their
733  frequency. C2 is edited to T in most of the reads, giving rise to a missense mutation phenylalanine (F) at
734  amino acids 143 and 146. [E] Amino acid conversion at the respective location for the 4 top reads (based
735  on frequency) shows the synonymous (green) and missense (red) variants generated due to bystander C
736  edits. Figures presenting pooled data are represented as mean + SEM. (Figure 4 Source Data 1-3 contains
737  raw and analyzed NGS files for BE4max treated, evoCDA treated and untreated (n=3) samples).
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738
739  Figure 5: Protein localization and K™ current after L144P base editing. [A] Kir7.1 Protein
740  localization in L144P untreated and base edited cells assessed by immunocytochemistry. Scale: 25 pm.
741  [B]K' current in WT, L144P-mutant, and base edited cells. Currents were elicited by 550 ms voltage
742  steps from -150 mV to +40mV (20mV increments) followed by a step to -10 mV (250ms). [C] Current-
743  Sweep Time plot from a representative cell in physiological external solution (blue), external solution
744  with 10 mM Ba®* (yellow), wash with external solution (green), external solution with 140 mM Rb"
745  (purple) followed by external solution with Rb™+Ba”" (red). The average current profile for WT, mutant,
746  or base edited pools (n=25 to 36) are shown in the presence of respective solutions. [*p< 0.05, **p<
747  0.001]. Figures presenting pooled data are represented as mean + SEM. (Figure 5_Source Data 1 contains
748  the raw files generated from automated patch clamp (APC) system without excluding any data).
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749

750  Figure 6: Off-target analysis of L144P sgRNA in CRISPR base-edited cells. [A] Total number of off-
751  targets, each having 1-3 mismatches with or without a single RNA/DNA bulge as observed in in-silico
752 analysis. (Figure 6_Source Data 1 contains the complete list of off-targets). A large fraction of OT sites
753  was with 3 mismatches and a single RNA bulge, followed by 3 mismatches and a single DNA bulge.
754  ['DNA-2' in the pie chart represents the single DNA bulge with 2 mismatches, 'RNA-3' represents the
755  single RNA bulge with 3 mismatches, and so on]. [B] Representation of DNA and RNA bulge with 1 or 2
756  mismatches with respective L144P sgRNA-2. [C] The 12 potential off-target sites with mismatches and
757  DNA/RNA bulge and PAM site were screened by deep sequencing. [D] % substitution and indel
758  frequency of BE4max and evoCDA CBEs at 12 off-target sites (Figure 6 Source Data 2 contains the
759  NGS files in fastaq.gz format). L144P cells sham-nucleofected were used as reference. A threshold (red
760  dashed line) was set at 0.033 based on the base level substitutions and indels in reference cells.
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761

762  Figure 7: Role of synonymous variations observed as a by-product of CRISPR base editing. [A]
763  Chromatogram of two single-cell edited clones (clone I and clone II) and the respective Kir7.1
764  expression. (Figure 7 Source Data 1 contains the flow sorting images and Source Data 2 contains
765  chormatograms from other edited and unedited cells, n=3). [B] K" current profile of two single-cell clones
766  with a synonymous variation. (Figure 7_Source Data 3 contains raw files generated from APC). [C] The
767  predicted optimal mRNA secondary structure of global sequence from WT, L144P mutant, and two edited
768  clones. The enlarged mRNA structure within the black circle highlights the changes in the disruptive
769  region of the sequence. [D] Half-life of mRNA after ActD treatment. [E] Leu-tRNA abundance in
770  HEK293 FRT stable cells. The y-axis represents the sample's CPM [counts per million] of tRNA. The x-
771  axis represents the codons with their respective tRNA-anticodons. The right panel shows Leu's abundance
772 (CPM) at 143 and 144aa locations in WT, clone I, and clone II cells. Figures presenting pooled data are
773  represented as mean + SEM. (Figure 7_Source Data 4 contains the tRNA sequencing data from HEK293
774  FRT stable cells for Leu codon).
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775  Supplementary
776  Supplementary Table 1: Primers for in-fusion cloning of KCNJ13 in FLP-In™ expression vector
Primer name | Sequence (5'-3") GC %
FRT FP TCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACTTAatggtgagcaagggcgagga 50
FRT RP AGTCGAGGCTGATCAGCGGGTTTAAACGGGCCCTCTAGA Cttattctgtcagtectgttt 50
777  FP: Forward primer, RP: Reverse primer. Primers were designed using Gibson assembly primer design
778  tool available at https://tools.sgidna.com/gibson-assembly-primers.html and ordered from IDT
779  (https://www.idtdna.com). Homology sequence is in uppercase and annealing sequence is in lowercase.

780
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781  Supplementary table 2: Primers for Sanger sequencing

Primer name Sequence (5'-3") GC% Tm [predicted]
GFP FP CAAGTCCGGACTCAGATCTCGAGCTC 57.1 72.8
Kir7.1 RP TTATTCTGTCAGTCCTGTTT 72.7 90.9

782 The primers were designed using NCBI Primer BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-
783  blast/).

784
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785  Supplementary Table 3: Primers to amplify the on-target and off-target sites

Primer name Sequence (5'-3") gc Amplicon size
0
Target 1144P FP | CCCTGGAGACACAACTCACA 55 147
RP | GGGCAATCTTCGCCACAAAA 50
OT1 | Intergenic-AC093639.1- | FP | CCCTGGAAGAAGTAATACAT 40 133
MIR548AE1 RP | ACCTATTTAGCTTGGATCTC 40
oT2 FP | GGACACAGGGACGCAGAT 61 231
Intron-ZC3H3
RP | AGACAATGGGGAGAAAGCCT 50
oT3 FP | AAGGCCCTGGCTACTCACAG 60 146
Intron-PDZDA4
RP | TGAGTCAGTACAGCGCCACC 60
OT4 . FP | TGCAGCCTGAGGATTACAGA 50 160
Intergenic-1L22-MDM1
RP | TGTACCCCCATTTCGACACC 55
OT5 Intergenic-RP5- FP | CCACTTGACATGTAGACCTGA 47 147
823G15.5-Y_RNA RP | AGGTCCCTAAAGTTTGCACAT 47
oTé6 Intergenic-RHBDD2- | FP | GATTCTGTGCCAAGCCGGAG 60 125
POR RP | AAGGGCGGGCATCACCTATT 55
TPGSI RP | CCTGGGTGGGCTGCTTAAC 63
OTS FP | CTCAATCCTCATGCTAGCCCT 52 143
Intron-DCDC2
RP | CCCCTGACTGGCTACAGGAT 60
oT9 FP | CCTCTGTCTGTTGCTGACAT 50 174
*GRCh38-80320077
RP | ACCGGAGAAGAAGCTGTGAT 50
OT10 FP | ACTCCATAGGAGCAGGTTTCTG 50 172
*GRCh38-6078211
RP | TCCTTAGGGGTAGAGGCCAT 55
OT11 FP | AGCTTCCACACCCTCTGTTT 50 149
GRCh38-45165776
RP | AGTAAAGGAGCTGGCCCAAG 55
FP | ACACCCAAATTGACCAGCAG 50 144
OT12 GRCh38-96006488
RP | GGCTAATCAAGGCTCTGGAA 50

786  The primers were designed using NCBI Primer BLAST tool and ordered along with an adaptor sequence
787  for Illumnia NGS platform from IDT. OT=Off-targets. Adaptor sequence for FP: 5'-
788 ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3'Adaptor sequence for RP: 5’-
789  GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3'. The adaptors were interchanged for the
790  primers marked as*.
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791  Supplementary Table 4: Potential off-target sites for L144P sgRNA location screened by deep
792  sequencing
Off-
targe Chromosom Mismatche | Bulge size/
t Gene/Region/Location e Strand S Bulge type
Intergenic: AC093639.1-
1 MIRS548AE1 2 - 2 -
2 Intron: ZC3H3 8 + 2 -
3 Intron: PDZD4 X + 3 -
4 Intergenic: IL22-MDM 1 12 - 3 -
5 | Intergenic: RP5-823G15.5-Y RNA 20 - 4 -
6 Intergenic: RHBDD2-POR 7 - 4 -
7 Intergenic: AC005775.2-TPGS1 19 - 3 -
8 Intron: DCDC2 + 3 -
9 GRCh38: 80320077 8 + 2 1/ DNA
10 GRCh38: 6078211 17 + 1 1/ RNA
11 GRCh38: 45165776 15 - 2 1/ DNA
12 GRCh38: 96006488 8 + 2 1/ RNA

793
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L144P

794

795  Supplementary Figure 1: Characterization of HEK293 FRT WT and L144P stable cells. a] FLP-In™
796  expression vector map used for in-fusion cloning to express WT and L144P Kir7.1. b] WT and L144P
797  mRNA sequence from respective HEK293 FRT Stable cells. c] Native and L144P Kir7.1 protein

798  expression in stable cells assessed by immunocytochemistry.

799

800
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801

802  Supplementary Figure 2: The gRNA design and selection. a] Three gRNAs with NG PAM (black-dashed
803  rectangle) location at KCNJ13 gene sequence b] on-target scores at different neighboring Cs and off-
804  target scores of three guides designed by Benchling software.

805
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Supplementary Figure 3: Sequencing readouts from untreated L144P stable cells used as reference. a]
Nucleotide distribution around sgRNA location as observed in sequencing reads. b] Percentage of
sequencing reads observed in the untreated sample. c] Percentage distribution of substitution and
deletion at sgRNA location.

Additional files-Source Data

Figure 2 Source Data 1 (.jpg/.pptx)

Figure 2-Source Data 1 contains the full images for Figure 2F.

Figure 3 Source Data 1 (.pptx)

Figure 3-Source Data 1 contains the images from different field demonstrating the localization of WT and
L144P Kir7.1.

Figure 4 Source Data 1

Figure 4-Source Data 1 folder contains the NGS files for BE4max treated samples (n=3) in fastaq.gz
format which can be analyzed using an online CRISPResso2 tool.

Figure 4 Source Data 2

Figure 4-Source Data 2 folder contains the NGS files for evoCDA treated samples (n=3) in fastaq.gz
format which can be analyzed using an online CRISPResso2 tool.

Figure 4 Source Data 3

Figure 4-Source Data 3 folder contains the NGS files for untreated samples (n=3) in fastaq.gz format
which can be analyzed using an online CRISPResso2 tool.

Figure 5 Source Data 1 (.xls)

Figure 5 Source Datal contains the raw files generated from automated patch clamp (APC) system
without excluding any data. The data from this file was filtered out based on the criteria explained in
method section.

Figure 6 Source Data 1 (.xls)

Figure 6-Source Data 1 contains the complete list of off-targets.

Figure 6 Source Data 2

Figure 6-Source Data 2 folder contains the NGS files in fastaq.gz format which can be analyzed using an
online CRISPR-RGEN tool.

Figure 7 Source Data 1 (.pdf)

Figure 7-Source Data 1 contains flow sorting images from BE4max treated cells.

Figure 7 Source Data 2 (.pdf)

Figure 7-Source Data 2 contains chromatograms from flow sorted single cells.

Figure 7 Source Data 3 (.xls)

Figure 7-Source Data 3 contains raw files generated from automated patch clamp (APC) system without
excluding any data. The data from this file was filtered out based on the criteria explained in method
section.
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843  Figure 7 Source Data 4 (.xls)
844  Figure 7-Source Data 4 contains tRNA sequencing data from HEK293 FRT stable cells for Leu codon.
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Supplementary Table 1: Primers for in-fusion cloning of KCNJ13 in FLP-In™ expression vector

Primer name | Sequence (5'-3") GC %
FRT FP TCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACTTAatggtgagcaagggcgagga 50
FRT RP AGTCGAGGCTGATCAGCGGGTTTAAACGGGCCCTCTAGAC ttattctgtcagtcctgttt 50

FP: Forward primer, RP: Reverse primer. Primers were designed using Gibson assembly primer design tool

available

at  https://tools.sgidna.com/gibson-assembly-primers.html and ordered from IDT

(https://www.idtdna.com). Homology sequence is in uppercase and annealing sequence is in lowercase.
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Supplementary table 2: Primers for Sanger sequencing

Primer name Sequence (5'-3") GC% Tm [predicted]
GFP FP CAAGTCCGGACTCAGATCTCGAGCTC 57.1 72.8
Kir7.1 RP TTATTCTGTCAGTCCTGTTT 72.7 90.9

The primers were designed using NCBI Primer BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-
blast/).


https://doi.org/10.1101/2022.06.20.496792
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.20.496792; this version posted June 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Supplementary Table 3: Primers to amplify the on-target and off-target sites

Primer name Sequence (5'-3") f/;oc Amplicon size
FP | CCCTGGAGACACAACTCACA 55 147
Target L144pP
RP | GGGCAATCTTCGCCACAAAA 50
Intergenic-AC093639.1- | FP | CCCTGGAAGAAGTAATACAT 40 133
oT1
MIR548AE1 RP | ACCTATTTAGCTTGGATCTC 40
FP | GGACACAGGGACGCAGAT 61 231
oT2 Intron-ZC3H3
RP | AGACAATGGGGAGAAAGCCT 50
FP | AAGGCCCTGGCTACTCACAG 60 146
OT3 Intron-PDZD4
RP | TGAGTCAGTACAGCGCCACC 60
FP | TGCA TGAGGATTACAGA 1
0T4 Intergenic-1L22-MDM1 GCAGCCTGAGG CAG 30 60
RP | TGTACCCCCATTTCGACACC 55
OT5 Intergenic-RP5- FP | CCACTTGACATGTAGACCTGA 47 147
823G15.5-Y_RNA RP | AGGTCCCTAAAGTTTGCACAT 47
OT6 Intergenic-RHBDD2- | FP | GATTCTGTGCCAAGCCGGAG 60 125
POR RP | AAGGGCGGGCATCACCTATT 55
OT7 Intergenic-AC005775.2- | FP | ACTTCCTCTCTGGGACCCTT 55 152
TPGS1 RP | CCTGGGTGGGCTGCTTAAC 63
FP | CTCAATCCTCATGCTAGCCCT 52 143
OT8 Intron-DCDC2
RP | CCCCTGACTGGCTACAGGAT 60
oT9 *GRCh38-80320077 FP | CCTCTGTCTGTTGCTGACAT 50 174
RP | ACCGGAGAAGAAGCTGTGAT 50
FP | ACTCCATAGGAGCAGGTTTCTG 50 172
0T10 *GRCh38-6078211
RP | TCCTTAGGGGTAGAGGCCAT 55
FP | AGCTTCCACACCCTCTGTTT 50 149
OoT11 GRCh38-45165776
RP | AGTAAAGGAGCTGGCCCAAG 55
FP | ACACCCAAATTGACCAGCAG 50 144
0oT12 GRCh38-96006488
RP | GGCTAATCAAGGCTCTGGAA 50

The primers were designed using NCBI Primer BLAST tool and ordered along with an adaptor sequence
for Illumnia NGS platform from IDT. OT=Off-targets. Adaptor sequence for FP: 5'-
ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3'Adaptor sequence for RP: 5’-
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3". The adaptors were interchanged for the
primers marked as*.
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Supplementary Table 4: Potential off-target sites for L144P sgRNA location screened by deep

sequencing
Off- Bulge size/
target Gene/Region/Location Chromosome | Strand | Mismatches | Bulge type
Intergenic: AC093639.1-
1 MIR548AEl 2 - 2 -
2 Intron: ZC3H3 8 + 2 -
3 Intron: PDZD4 X + 3 -
4 Intergenic: IL22-MDMI1 12 - 3 -
5| Intergenic: RP5-823G15.5-Y RNA 20 - 4 -
6 Intergenic: RHBDD2-POR 7 - 4 -
7 Intergenic: AC005775.2-TPGS1 19 - 3 -
8 Intron: DCDC2 + 3 -
9 GRCh38: 80320077 8 + 2 1/ DNA
10 GRCh38: 6078211 17 + 1 1/ RNA
11 GRCh38: 45165776 15 - 2 1/ DNA
12 GRCh38: 96006488 8 + 2 1/ RNA
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Supplementary Figure 1: Characterization of HEK293 FRT WT and L144P stable cells. a] FLP-In™
expression vector map used for in-fusion cloning to express WT and L144P Kir7.1. b] WT and L144P
mRNA sequence from respective HEK293 FRT Stable cells. c] Native and L144P Kir7.1 protein
expression in stable cells assessed by immunocytochemistry.
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Supplementary Figure 2: The gRNA design and selection. a] Three gRNAs with NG PAM (black-dashed
rectangle) location at KCNJ13 gene sequence b] on-target scores at different neighboring Cs and off-
target scores of three guides designed by Benchling software.
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Supplementary Figure 3: Sequencing readouts from untreated L144P stable cells used as reference. a]
Nucleotide distribution around sgRNA location as observed in sequencing reads. b] Percentage of sequencing
reads observed in the untreated sample. c] Percentage distribution of substitution and deletion at sgRNA
location.
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